We study the evolution of a collisionally inhomogeneous matter wave in a spatial gradient of the interaction strength. Starting with a Bose-Einstein condensate with weak repulsive interaction in quasi-one-dimensional geometry, we monitor the evolution of a matter wave that simultaneously extends into spatial regions with attractive and repulsive interactions. We observe the coherent formation and decay of soliton-like density peaks, the propagation of supersonic shock waves, and the creation of cascades of solitons. The matter-wave dynamics is well reproduced in numerical simulations based on the nonpolynomial Schrödinger equation with three-body loss.
Inhomogeneous fluids are typically caused by external potentials that generate spatial variations of parameters such as density, temperature, or phase [1] . A particularly interesting example are collisionally inhomogeneous fluids, i.e., fluids with spatially varying interactions between particles. They frequently occur at interfaces, such as the surface between vapour and liquid of a fluid, or at junctions in quantum transport setups for an electron gas or cold atoms, where they exhibit Andreev-like reflections [2, 3] . Typically, collisional inhomogeneities do not alter the single-particle properties in the fluid, but they induce intriguing non-linear many-body effects. For example, collisional inhomogeneities often induce selfamplifying density modulations, because they intensify with density of the fluid while simultaneously increasing the density [4] .
In this Letter, we provide a first experimental study of the dynamical properties of a Bose-Einstein condensate (BEC) with linear collisional inhomogeneities. Specifically, we explore matter-wave packets with spatially mixed interactions, i.e., wave packets that expand simultaneously into regions with attractive and repulsive interaction. Starting from a trapped BEC in a region with weak repulsive interaction, we monitor its spreading along a vertical guiding potential into a region with attractive interactions. We study the density profile of the wave packet as it evolves and expands, and we observe the coherent formation and decay of a soliton-like peak, supersonic shock waves, and cascades of solitons.
Several methods have been proposed to create such position-dependent interactions. Optical Feshbach resonances [5] [6] [7] , and optically controlled magnetic Feshbach resonances [8, 9] , can be used to tune the interaction strength with position-dependent properties of laser beams [9] [10] [11] . However, optical control methods are typically aimed to change the interaction strength on short length scales, and they often suffer from loss and heating of the quantum gas. Here, we apply a simpler scheme based on magnetic Feshbach resonances and magnetic field gradients as proposed in Refs. [4, [12] [13] [14] . A magnetic field gradient ∂ z B along the z-direction, B(z) = B off + ∂ z B · z, directly maps the field-dependent s-wave scattering length, a(B), to position space. A drawback of this scheme is the creation of a strong, constant force due to the field gradient and the resulting Zeeman shift of the atomic energy levels. In our experimental setup, we apply a vertical magnetic field gradient with a value that compensates the gravitational acceleration, thus effectively cancelling both forces.
Depending on the structure of magnetic Feshbach resonances, the resulting position-dependent scattering length, a(z), can be a complicated function showing spatial regions with attractive, repulsive and diverging interaction. For a first experimental study, we chose a regime with a linear variation of the scattering length, a(z) = a off + ∂ z a · z, with a constant spatial gradient ∂ z a, and an offset-value a off . The gradient introduces a new length scale to the system, L a = |a off /∂ z a|, which corresponds to a displacement that changes the scattering length by a off . This length scale L a can be compared to typical length scales of the matter-wave packet, L w , e.g., to the healing length or to the Thomas-Fermi radius. For L a L w , the relative change of a is small over the extend of the matter wave, and a propagating wave packet can adapt its size and peak density while preserving its overall shape. For this regime, an analytical solution for a bright soliton was derived based on the perturbed nonlinear Schrödinger equation [4, 12] . For a strong interaction gradient with L a ≤ L w , the shape of the matter wave is changed and local self-amplifying feedback effects can be expected.
Details of our experimental apparatus and cooling sequence can be found in earlier publications [15, 16] . A BEC of approximately 12,000 cesium atoms in the Zeeman sub-state |F = 3, m F = 3 is trapped in the dipole potential of two crossed laser beams, L H and L V , with trap frequencies ω x,y,z = 2π × (40(1), 40(1), 5.3(1)) Hz (Fig. 1a) . Two pairs of vertical coils create a homogeneous magnetic field B off and a magnetic field gradient ∂ z B lev = 31.1 G/cm to compensate the gravitational acceleration. The scattering length a off at the initial position of the BEC is +4 a 0 with an approximately linear variation ∂ z a = 0.21 a 0 /µm (Fig. 1b) , where a 0 is Bohr's radius. We initialize the expansion of the BEC along the guiding laser beam L V by switching off the beam L H within 4 ms. Figs. 1d-g. We identify four phases (I-IV) in the time evolution of the spreading wave packet. Phase I is dominated by an asymmetric, interaction-driven expansion of the BEC (Fig. 1d) . In Phase II, a sharp matter-wave front develops in the density profile on the attractive side forming a sharp soliton-like peak (Fig. 1e) . Periodic ripples in the density profile start to propagate from the attractive side of the wave packet to the repulsive side in Phase III, and the sharp peak in the density profile on the attractive side disappears with only a small cloud of remaining atoms (200 ms, Fig. 1f ). The residual atoms continue to propagate downwards in Phase IV (Fig. 1g) , and a second (220 ms) and a third (260 ms) solitonlike peak form. The process of formation and decay of density peaks continues for several hundred milliseconds, e.g. with the decay of the second peak at 300 ms. These four phases are characteristic for the expansion of collisionally inhomogeneous BECs with a constant interaction gradient, and we discuss them successively in the following paragraphs. Phase I. Asymmetric expansion: Our scattering length gradient causes a linear coupling constant g(z) = g off + ∂ z g · z with an offset g off = 2hω r a off and a gradient ∂ z g = 2hω r ∂ z a. Here, ω r is the radial trap frequency of L V in the horizontal plane. For small gradients with L a L w and repulsive interactions, the density profile of the ground state in the ThomasFermi approximation is given by
with an external potential V (z) and a chemical potential µ.
The interaction gradient adds a position-dependent scaling to the density profile, which, as a result, shows a shift of the peak position and a slant towards the side with smaller scattering lengths (Fig. 2a, red lines) . The slanted density profile of the ground state results in an asymmetric expansion when we remove the vertical confinement. However, a slant can also develop in the expansion profile for a symmetric ground state wave function. We observe this effect in an expansion measurement for repulsive interaction with a larger scattering length (a off = 36 a 0 , Fig. 2b ) and an almost symmetric initial wave function of the ground state (Fig. 2a, blue line) . The expansion is driven by the conversion of interaction energy to kinetic energy [17] , with an asymmetry due to the position-dependent interaction. We find excellent agreement of the density profiles (Fig. 2c, red lines) with Eq. 1 (Fig. 2c , gray dashed lines) assuming a shape preserving expansion [18] .
Phase II. Soliton-like peak: In addition to the asymmetric expansion, a further deceleration of the atoms occurs when the wave packet crosses the point of zero interaction (80 ms, Fig. 1e ) and forms a sharp matter-wave front, similar to a single soliton. For the complete evolution of the wave packet, a numerical simulation is discussed in the next section, here, we provide an intuitive explanation for the coherent formation of the single soliton-like peak.
When neglecting the kinetic energy in the 1D-GPE, the force F on a section of the wave packet at position z is proportional to the spatial derivative of the interaction energy n(z)g(z) with
The first term in Eq. 2, depending on the density gradient ∂ z n(z), causes the spreading of the wave packet for repulsive interaction and a contraction for attractive interaction. The second term, which depends on our interaction gradient, always accelerates the wave packet towards smaller scattering lengths. As a result, the forces are not spatially symmetric, but push the section in the middle of each wave packet towards smaller scattering lengths (Fig. 2d, hatched areas) . Patch colors and arrows indicate the forces acting on different sections of the wave packet in Fig. 2d as prescribed by Eq. 2. A solitonlike peak forms when a wave packet spreads into the region with attractive interaction (Fig. 2e) , because forces on sections with an increasing density gradient change sign and counteract the expansion, while the second term in Eq. 2 continues to push atoms towards smaller scattering lengths (Fig. 2e , hatched areas). Bright matter-wave solitons have been created by seeding modulational instabilities in a dense background gas with noise or interferences [19] [20] [21] , and by shaping the density profile with an external potential before an interaction quench [16, [22] [23] [24] . Here, in contrast, the single soliton-like peak emerges coherently from the propagation of a dilute gas. The growth process of the peak is completely reproducible in the experiment and does not require any additional seeding mechanisms.
Phase III. Decay and fragmentation of the soliton-like peak: The soliton-like peak propagates towards regions with stronger attractive interaction, while growing in height and shrinking in size [12] . At approximately t = 140 ms (Fig. 1c) , periodic ripples appear in the density distribution and extend, with a counter-propagating flow, into the region of repulsive interaction. The soliton-like peak decays at approximately t = 200 ms with a small cloud of atoms appearing below its former position. The point of decay and the ripples fluctuate in our absorption images for increasing evolution time, but the overall shape of the density pattern is statistically reproducible.
We employ numerical calculations based on the nonpolynomial Schrödinger equation (NPSE) [18, 25] to simulate the complete evolution of the matter waves (Fig. 3) . The NPSE alone with a linear dependence of the scattering length reproduces the expansion and soliton-like peak formation well in phases I and II. When the local density becomes large, it is necessary to include a three-body loss term [26] [27] [28] [29] in the model. The term is essential to describe the decay of the soliton-like peak and to reproduce the ripples observed in the experiment (Fig. 3) .
In the simulation, the peak-density of the propagating soliton increases due to a shrinking of its width, with counterpropagating ripples appearing shortly before the decay (see momentum distribution just after t = 200 ms in Fig. 3b) . Shortly after the creation of the ripple pattern, three-body loss leads to a rapid density reduction at the peak, with a sudden spreading of the rippled density-waves and a wide broadening of the momentum distribution (Fig. 3 just before t = 300 ms). We speculate that the ripple pattern is caused by the ejection of atoms during the decay. This ejection is similar to the bursts of thermal atoms of an imploding BEC after an interaction quench [30, 31] , which was explained by a combination of intermittent collapses and three-body loss [26] [27] [28] . However, the observation of a propagating density-wave suggests a coherent ejection process for the decaying soliton.
We observe an initial propagation velocity of the ripples in the simulation of approximately 2 mm/s, which is significantly faster than the position-dependent speed of sound, v(z) ∼ n(z)g(z), with values below 0.4 mm/s. As a result, the decay initializes a supersonic shock wave that propagates along the quasi-1D system. This is also verified in the broad and asymmetric momentum distribution. Supersonic shock waves have been generated in repulsive BECs using laser pulses [32] and moving obstacles [33] , with the creation of strongly oscillating density waves [34] .
We provide a comparison of the density ripples in the sim- ulation and the experiment in Fig. 4 . In the experiment, the pattern shows small shot-to-shot fluctuations of position and density, and we identify the relative peak positions by referencing the density distribution to the position of the first large density peak next to the decaying soliton-like peak (Fig. 4b) . The distances between the peaks are close to 7µm, with a slow increase in time (Fig. 4e) . We find good qualitative agreement between the density profiles of the simulation and the experiment (Fig. 4c,d ). In the simulations, we are able to identify the density peaks at earlier stages of formation than in the experiment and we observe peak separations after the decay in good agreement with the experimental values (Fig. 4e,f) . However, the time and length scales deviate by approximately a factor two, which we attribute to an insufficient knowledge of the initial conditions and of the three-body loss parameter. Phase IV. Cascades of soliton-like peaks: In the simulation, we observe that ripples in the region of repulsive interaction do not grow with propagation time and their amplitudes decay the further away they are from the point of zero scattering length. This is markedly different to atoms in regions of attractive interaction, where experiment and simulations show the formation of additional soliton-like peaks for long hold times. The peak-formation process of Phase II repeats itself as atoms are continuously pushed towards the region with attractive interaction, and, for large initial densities, the density ripples of Phase III attract the surrounding medium, shrink in size, grow in height, and form new separate soliton-like peaks (Fig. 3a) . This is in agreement with the experimental results as shown in Fig. 1c during Phase IV. We expect secondary decays to occur, as those soliton-like peaks propagate towards stronger attractive interaction, and new ripple patterns form (Fig. 3a) .
In conclusion, we provided a first experimental study of the dynamical evolution of collisionally inhomogeneous matter waves. We observed the time evolution of a BEC in quasi-1D geometry, as it expands with repulsive iteration into noninteracting and attractive regions. Four characteristic phases were identified in the time evolution, i.e. an asymmetric expansion, the coherent formation and decay of a soliton-like peak, the propagation of supersonic shock waves, and the creation of cascades of soliton-like peaks. Utilizing our spectrum of magnetic Feshbach resonances, we expect that our experimental method can be extended beyond a linear interaction gradient and small scattering lengths, to study matter wave transport in complex potentials with position-dependent loss and rapid interaction changes as they occur at boundaries and interfaces.
We acknowledge support by the EU through "QuProCS" (GA 641277) and the ETN "ColOpt" (GA 721465), and by the EPSRC Programme Grant "DesOEQ" (EP/P009565/1). AdC acknowledges financial support by EPSRC and SFC via the IMPP. GH acknowledges financial support by The Carnegie Trust via the Vacation Scholarship scheme.
SUPPLEMENTAL MATERIAL THE NON-POLYNOMIAL SCHRÖDINGER EQUATION
When the condition n|a s | 3 1 is satisfied, where n is the particle density, and a s is the characteristic scattering length, then we can describe the dynamics of a Bose-Einstein condensate (BEC) within a mean field approximation using the 3D Gross-Pitaevski equation (GPE), [35] ,
Here, g(z) = 4πh 2 a s (z)/m, and the atomic wave function ψ(r,t) describes the macroscopically populated state. Because the variation of the scattering length is negligible over length scales corresponding to the effective range of interparticle interactions, the two-body scattering processes in our system are described with a single spatially-varying s-wave scattering length, a s (z). The external potential V (r) considered here is a 3D (anisotropic) harmonic trap. For a cylindrical trap geometry, an effective 1D equation for the dynamics of the BEC can be derived by expressing the wave function in terms of the single particle eigenstates of the radial harmonic oscillator. By consideringhω r a s (z) only the radial ground state will be populated. By using a standard Gaussian ansatz, the wave function ψ(r,t) consists of a Gaussian function in the radial direction and an arbitrary component f (z,t), in the longitudinal direction,
where a r is the harmonic oscillator length in the radial direction and σ (z,t) is the spatially dependent width. Assuming that ∇ 2 z φ (x, y, σ ) ∇ 2 x + ∇ 2 y φ (x, y, σ ) we can use the Euler-Lagrange equations to derive the equation of motion. Following [36] , one obtains the non-polynomial Schrödinger equation (NPSE) given by
with the definition of σ (z,t) provided by
where N is the total number of atoms and ω r =h/ma 2 r . The reason behind the use of the NPSE instead of the more common 1D GPE (obtained by setting the value of σ (z,t) 2 = 1 in Eq. (5)) is that the NPSE provides a more accurate approximation of the shape and phase of the wave packet of the full 3D GPE (3) over a wide range of scattering lengths [36] .
Three-Body Loss
Following Ref. [27] , we include the effects of particle loss through three-body recombination via a short range process
where L 3 is the three-body loss parameter, as was measured experimentally in Ref. [37] . In our model, we add this term to the right hand side of the effective NPSE (5) as
Within these approximations we find that we can capture all qualitative features observed in the experiment. There are however non-negligible quantitative differences, the most significant of which is the time scale for the decay of the first soliton. Because of the large attractive scattering lengths that the BEC can reach and large three-body loss rates are large then the optimal condition for σ (z,t) to minimise the effective 1D action can have non-negligible corrections.
ASYMMETRIC EXPANSION IN PHASE I
To study the effect of the interaction gradient on an expanding matter wave, we prepare BECs of approximately 33,000 and 18,000 atoms at a scattering length of a off = 36 a 0 , and measure the density profile during the initial expansion in the guiding potential of laser beam L V . For the regime L a L w , we assume that the interaction gradient will only weakly perturb the expansion of the BEC in 1D [38] . By studying only the initial expansion, we can also neglect shape-changing effects particular to 1D geometry [39] .
Our fit function for the 1D-density distribution is based on Eq. 1 in the main text, with n(z) = B max 0, 1
The fit parameters A, B,C, D, F reflect the asymmetry, amplitude, width, shift and offset of the density profile, respectively. We find excellent agreement of the fit function with our profiles (Fig.5a ). The slant of the density profile is captured by parameter A, which converges for long expansion times to values of approximately −0.0015 (1/µm) for both atom numbers (Fig. 5b) .
